1. Introduction {#sec1}
===============

Consumer demands for healthy food free from synthetic preservatives, and environmental concerns associated with non-degradable plastic packaging wastes that pollute the ecosystem including water bodies have led to the development of alternative bio-based packaging materials. Bio-based plastics are mainly synthesized from renewable biomass such as polysaccharides and proteins that are attractive alternatives to petroleum-based plastic polymers ([@bib32]). Natural polymers are inherently biodegradable because of the oxygen or nitrogen atoms in their polymer backbones as opposed to carbon-carbon single bonds predominant in petroleum based polymers. Polysaccharides are abundantly available, are economical and are environmentally friendly biocompatible polymers that are useful raw materials for food packaging applications ([@bib17]; [@bib18]; [@bib27]). Among the polysaccharides, agar, commercially harvested from seaweeds, is one of the most common base materials that has been studied extensively ([@bib3]; [@bib15]; [@bib21],[@bib22]). Packaging films developed using agar as biopolymer matrix has good physical properties, as they are transparent, homogeneous and flexible. These properties make it suitable for fabrication of films and coatings for food packaging applications ([@bib24]; [@bib26]; [@bib29]).

Improvement of physical, mechanical and functional properties of bio-based composites may be achieved by incorporation of inorganic nanoparticles (NPs). There is an increasing interest in zinc oxide nanoparticles (ZnONPs) for food contact application, as this inorganic material has been used in food, pharmaceutics, cosmetics, amongst others ([@bib1]; [@bib2]). Zinc oxide (ZnO) is listed in a "generally recognized as safe" (GRAS) material by the Food and Drug Administration (FDA). Zinc is an essential element for human physiological activities, and 10 mg/person/day is needed ([@bib10]). ZnONPs are also known to exhibit low toxicity to biological systems ([@bib13]).

ZnONPs have been synthesized using various physical and chemical methods ([@bib11]; [@bib25]; [@bib35]; [@bib36]; [@bib37]). Recently, the biological methods for the synthesis of ZnONPs have attracted much attention due to its convenience, lower cost and environment-friendly processes ([@bib7]; [@bib14]). Various plants and their parts such as leaf, fruit, peel, flower, seed, latex, etc. are used as reducing agents and stabilizers to control the crystal growth ([@bib5]; [@bib8]; [@bib9]; [@bib30]; [@bib38]). The extracts of various plant parts are rich in polyphenols and amino acids that act as reducing agents and stabilizers, respectively ([@bib33]; [@bib16]; [@bib20]).

*Mimusops elengi* is a medicinal plant belonging to the family Sapotaceae (Mahua-family), and is also named as "Bakul tree" in Sanskrit (an ancient Indian language) ([@bib23]). It has been used in traditional medicine for a long time ([@bib4]). The aqueous extract of flowers, fruits and bark are primarily used for dental ailments (Pyorrhoea, dental caries), as well as for prevention of heart diseases ([@bib31]). The fruit extract of *M. elengi* are rich in polyphenols e.g. ascorbic acid, gallic acid, pyrogallol and resorcinol ([@bib19]). The objective of the present work was to develop natural antimicrobial films that can be used for the extension of shelf life of fresh produce. Therefore, agar was used as a base material and ZnO nanoparticles as a filler for the fabrication of nanocomposite films. ZnO nanoparticles were used to enhance the functional properties, including mechanical property, of the developed film. The nanoparticles were synthesized by a green protocol using *Mimusops elengi* fruit extract and then incorporated into agar matrix to form the nanocomposite films, which was studied and reported herein. The effectiveness of the developed nanocomposite films was tested by observing changes in appearance of green grapes packaged in the film and stored in ambient conditions.

2. Materials and methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

Zinc nitrate hexahydrate, Zn(NO~3~)~2~·6H~2~O, was procured from Merck Life Science Pvt. Ltd (India), with ≥96.0 % purity. Glycerol (C~3~H~8~O~3~) and agar powder were purchased from Avantor Performance Materials Ltd (India) and Sisco Research Laboratories Pvt. Ltd (Mumbai, India), respectively. Fresh fruits of *Mimusops elengi* (Bakul/Maulsiri) were collected from the campus garden of Central Institute of Technology Kokrajhar.

2.2. Preparation of aqueous extract of fruit {#sec2.2}
--------------------------------------------

The collected fruits of *Mimusops elengi* were washed with double distilled water (ddH~2~O), and dried in a shed overnight at room temperature, and then at 70 °C for 24 h in a hot air oven. The dried fruits were ground into a mixer-grinder and then sieved (200 μm) to separate out the finest powder, which was stored in a sealed air tight plastic container for further use. Aqueous extract of the powder was prepared using 4g of fruit powder in 100 mL of dd H~2~O. The mixture was heated at 60 °C for 15 min, and then filtered through a Whatman filter paper No.1. The filtrate was centrifuged in a temperature controlled centrifuge at 10,000 rpm for 10 min at 25 °C. The supernatant was collected, labelled and stored at 6 °C until further use.

2.3. Synthesis of ZnO nanoparticles {#sec2.3}
-----------------------------------

In a typical synthesis, 10 mL of aqueous fruit extract was taken in five different containers and different amounts (1, 2, 3, 4 and 5 g) of zinc nitrate hexahydrate were added into each container, respectively. The solutions were continuously stirred at 70 °C for 30 min at 500 rpm. Following this, it was placed in a muffle furnace at 400 °C for 2.0 h for the oxidation reaction to occur ([@bib6]). The white powder obtained was pulverized and the resulting fines were stored in a desiccator for further analyses and use.

2.4. Characterization of ZnO nanoparticles {#sec2.4}
------------------------------------------

### 2.4.1. UV-visible spectroscopy {#sec2.4.1}

Optical properties of ZnONPs were determined by preparing an aqueous solution using UV-visible spectrophotometer (Perkin Elmer, model λ-35, Waltham, Massachusetts, USA). UV-visible absorption spectra of the samples were measured as a function of amount of leaf extract and reaction time.

### 2.4.2. Transmission electron microscopy (TEM) {#sec2.4.2}

Synthesized particles were studied using a transmission electron microscope (FEI Tecnai, G2 20, Hillsboro, Oregon, USA) working at an acceleration voltage of 200 kV. A drop of aqueous solution of ZnO nanoparticles (sample prepared with 1 g ZnNO~3~.6H~2~O) was put on holey-carbon coated copper grid of 300 meshes. The excess solution was removed using a blotting paper, following which the grid was allowed to dry at room temperature prior to TEM measurements.

### 2.4.3. X-ray diffraction (XRD) analysis {#sec2.4.3}

Crystal structure of synthesized particles was determined using X-ray diffractometer (XRD-6000, Shimadzu, Japan) operated at 40 kV and 30 mA with Cu Kα radiation (wavelength - 0.15406 nm). The crystalline domain size was estimated from the width of the XRD peaks, using the Debye-Scherrer formula, D = K λ/β cosθ; where, D is the average crystallite domain size perpendicular to the reflecting planes, K is the crystallite shape factor (approximated as 0.94 since the particles were polyhedral as will be discussed later in the results and discussion section), λ is the X-ray wavelength, β is the full width at half maximum (FWHM) and θ is the diffraction angle.

### 2.4.4. Development of Agar-ZnO nanocomposite films {#sec2.4.4}

Molten agar (100 mL; 2.5 %) was prepared by dissolving 2.5 g of agar powder in 100 mL of dd H~2~O in three separate beakers, which were heated at 90 °C for 1.0 h upon continuous stirring at 1000 rpm. 50 mg and 100 mg of ZnONPs (synthesized by adding 1 g of ZnNO~3~.6H~2~O in 10 mL of aqueous fruit extract) were added into two of the beakers with 2 % (w/w) and 4 % (w/w) of agar, respectively. Control sample was prepared in the third beaker without adding any nanoparticles. The samples were further heated and mixed at 90 °C for 30 min at 1000 rpm. 0.75 g of glycerol was added in all the three sample mixtures at the rate of 30 % (w/w) of agar, as a plasticizer. The mixtures were then heated till they became sticky liquid, and 15 mL of this final film forming solution (FFS) solutions was immediately poured on glass Petri-dish of dimension (100 × 15 mm). The samples were allowed to settle at room temperature for 24 h, and then dried in an oven at 40 °C for 2.0 h. The prepared films were removed from glass plates, and were allowed to stay at ambient conditions for 2.0 h. Finally, the films were stored in airtight plastic bags until further use.

2.5. Characterization of composite films {#sec2.5}
----------------------------------------

### 2.5.1. Film colour and transparency {#sec2.5.1}

Surface colour of the packaging film is an important parameter for food packaging applications, as it influences the general appearance and consumer acceptability. The colour and opacity of the film samples were evaluated using a Chroma Meter (D25L^T^, HunterLab, USA) to measure L\*, a\* and b\* values. A white standard color plate (L\* = 91.33, a\* = -1.12 and b\* = -2.05) was used as background. The total colour difference (ΔE) values of the samples were calculated using the following equation: ΔE = \[(ΔL) ^2^ + (Δa) ^2^ + (Δb) ^2^\]^0.5^~.~ The transparency of the film samples were compared by using a green colour background during the image capture in the microscope. Values for each of the samples were the averaged over five replicates.

### 2.5.2. Measurement of thickness and textural properties of nanocomposites {#sec2.5.2}

Mechanical properties such as tensile strength (TS) and extensibility of films are important parameters to assess its ability to maintain integrity against environmental stress factors associated with packaging applications. Mechanical properties of the developed nanocomposite film samples were determined by quantifying the tensile strength (TS) and percentage elongation at break (EAB). Texture analyzer (Stable Micro Systems Ltd, TA. XT plus, UK) equipped with a 0.5kN load cell was used to measure tensile strength and percentage elongation at break according to the ASTM standard method. Film samples of 2.54 × 6.0 cm dimension were cut, and used in the analysis. The thickness of the film samples was measured using a hand-held digital micrometer (Mitutoyo Corporation, Japan).

### 2.5.3. Fourier-transform infrared (FTIR) spectroscopy {#sec2.5.3}

FTIR analysis of the agar nanocomposite and the control films was performed using Fourier-transform infrared spectrophotometer (Perkin Elmer, Model-FTIR Spectrum 2, Waltham, Massachusetts, USA). FTIR spectra were recorded in the wavelength range of 4000--500 cm^−1^, and were used to determine the presence of functional groups and interactions among various components of the film samples.

### 2.5.4. Microstructure and elemental analysis {#sec2.5.4}

Scanning electron microscopy (SEM) was performed to observe the microstructure of the agar nanocomposite and control film samples. Small piece of film sample was mounted on a SEM specimen holder and analyzed using a field emission scanning electron microscopy (FE-SEM, Carl Zeiss, Model Supra 55, Oberkochen, Germany) working at an accelerating voltage of 20 kV.

### 2.5.5. Thermogravimetric (TGA) analysis {#sec2.5.5}

Thermal stability of the developed films was studied in a thermo-gravimetric analyzer (STA-6000, PerkinElmer, Massachusetts, USA). Film samples (1.0 g approx.) were heated at a temperature range of 30--600 °C at a heating rate of 10 °C/min in nitrogen atmosphere (50 cm^3^/min) and the weight loss of the samples were recorded as a function of temperature.

### 2.5.6. Application of the developed film in packaging of fruit {#sec2.5.6}

The developed composite films were studied to test shelf life extension of green grapes. Fresh green grapes of approximately similar size, shape, maturity and colour were purchased from local market, and 25 grapes were wrapped with the each composite film sample. One set of 25 grapes was wrapped with plastic (polyethylene) film as a control. The wrapped fruit samples were kept in ambient conditions to simulate the conditions, in which they are kept by local vendors and retailors, and the packaged fruits were regularly observed up to 25-days.

3. Results & discussion {#sec3}
=======================

3.1. Characterization of ZnONPs {#sec3.1}
-------------------------------

The synthesized NPs were polyhedral (mostly hexagonal) in shape as observed in the transmission electron micrograph ([Fig. 1](#fig1){ref-type="fig"}). It is evident from particle size distribution histogram ([Fig. 1](#fig1){ref-type="fig"}C) that the synthesized NPs are in the size range of 14--48 nm with an average size of 24.75 ± 0.78 nm. Selected area electron diffraction (SAED) patterns from the samples (inset of [Fig. 1](#fig1){ref-type="fig"}A) showed that the nanoparticles were crystalline and randomly orientated. The diffraction rings could be indexed as (100) (002) and (101) reflections, corresponding to hexagonal lattice associated with the wurtzite structure of ZnO. Furthermore, a fringe d-spacing of 2.6 Å corresponding to (100) plane that is associated with the hexagonal structure of ZnO could be observed in high resolution transmission electron micrograph (HRTEM) ([Fig. 1](#fig1){ref-type="fig"}D).Fig. 1(A--B) Transmission Electron micrographs (TEM) of synthesized ZnONPs at different magnifications (Inset of [Fig. 1](#fig1){ref-type="fig"}A, SAED pattern) (C) particle size distribution histogram, and (D) High Resolution Transmission Electron micrographs (HRTEM) images with indicated lattice spacing.Fig. 1

Typical X-Ray diffractogram of synthesized nanoparticles ([Fig. 2](#fig2){ref-type="fig"}A) matched well with the hexagonal phase of JCPDS (card no.0-3-0888), and no indication of secondary phases or impurities were observed. The strong and narrow diffraction peaks indicated good crystalline structure of the particles. The sharp intense diffraction peaks appearing at about 2θ of 31.68, 34.28, 36.28, 47.47 and 56.57° correspond with those from (100) (002) (101) (102) and (110) orientations, respectively confirming the wurtzite crystalline phase of ZnO, which confirms the observations made by SAED analysis as discussed above. Average crystalline size of the synthesized nanoparticles was 23.94 nm, as calculated by using the Debye-Scherrer formula. The result is in good agreement with that of the TEM analysis. Electron diffraction spectra (EDS) ([Fig. 2](#fig2){ref-type="fig"}B) of the sample showed that C, Zn, Cu and O were present (C and Cu from the carbon coated copper grid). Thus, the synthesized ZnONPs were pure, as no other elements could be found in the sample. According to EDS report, the weight percentage and atomicity of C, Zn, Cu and O were 39.33, 38.17, 15.29, 7.21 and 71.97, 12.83, 5.29, 9.91, respectively (inset of [Fig. 2](#fig2){ref-type="fig"}B).Fig. 2(A) Typical X-Ray diffraction (XRD) of synthesized nanoparticles, and (B) EDS spectra of the bio-synthesized ZnONPs (Inset; Quantitative elemental analysis).Fig. 2

3.2. Agar-ZnO nanocomposite films {#sec3.2}
---------------------------------

### 3.2.1. Surface colour and transparency of the films {#sec3.2.1}

The macroscopic images of the agar--ZnO nanocomposite and the control films are shown in [Fig. 3](#fig3){ref-type="fig"}. The colour parameters (L\*, a\*, b\* and ΔE values) of the films are summarized in [Table 1](#tbl1){ref-type="table"}. The transparency of the films was found to reduce with increasing concentration of ZnONPs in the nanocomposites due to higher scattering from the nanoparticles ([@bib21],[@bib22]). L\*-values of the films increased slightly and a\*-values increased significantly, while significant reduction in b\*-values were observed with increasing ZnONPs in the nanocomposite film. These results indicated that the lightness of the film samples increased with decrease in greenness and yellowness upon incorporation of ZnONPs. The total color difference (ΔE) values of the nanocomposite films decreased compared to the control film. The ΔE value of the control was 18.11 ± 0.29 that reduced to 12.79 ± 0.33 and 8.32 ± 0.26 upon addition of ZnONPs @ 2% (w/w) and 4% (w/w), respectively.Fig. 3Photographs of the ZnONP-agar nanocomposite films.Fig. 3Table 1Optical properties of the agar-ZnO nanocomposite films.Table 1Film samplesL\*a\*b\*ΔEOnly agar (control) film86.74^a^ ± 0.93-1.56^a^ ± 0.5315.47^a^ ± 0.8218.11^a^ ± 0.29Agar--ZnONP @ 2% (w/w) film89.24^a^ ± 1.28-2.23^a^ ± 0.419.81^b^ ± 1.5412.79^b^ ± 0.33Agar--ZnONP @ 4% (w/w) film89.30^a^ ± 1.76-2.78^a^ ± 0.385.84^b^ ± 2.418.32^c^ ± 0.26[^1]

### 3.2.2. Textural properties of the nanocomposite films {#sec3.2.2}

The thickness and mechanical properties of the agar-ZnONPs composite and control films are shown in [Table 2](#tbl2){ref-type="table"}. The thickness of the control film was 54.87 μm, whereas it increased to 75.33 and 77.34 μm upon incorporation of ZnONPs @ 2 % (w/w) and 4 % (w/w), respectively. Loading of ZnO nanoparticles led to increase in viscosity and thus increased film thickness. The results showed that tensile strength (TS) decreased, whereas percentage elongation-at-break (EAB) increased with higher ZnONPs loading in the composite films. The TS of the control film was 51.02 MPa that reduced to 29.19 MPa and 20.68 MPa, respectively, after incorporation of ZnONPs @ 2 % (w/w) and 4 % (w/w). The EAB of the control film was 27.90 ± 0.6% that increased to 32.63 ± 1.1% and 37.23 ± 1.9%, respectively, upon addition of ZnONPs @ 2 % (w/w) and 4 % (w/w). The significant differences in TS and EAB upon the incorporation of ZnONPs in the nanocomposites suggest morphological and structural changes in the biopolymer matrix.Table 2Tensile properties and thickness of the only agar and agar-ZnO nanocomposite films.Table 2Film samplesThickness (μm)TS (MPa)EAB (%)Only agar (control) film54.87^a^ ± 3.451.02^a^ ± 1.527.90^a^ ± 0.6Agar--ZnO @ 2% (w/w) film75.33^a^ ± 2.729.19^b^ ± 0.932.63^ab^ ± 1.1Agar--ZnO @ 4% (w/w) film77.34^a^ ± 4.120.68^b^ ± 2.337.23^b^ ± 1.9[^2]

### 3.2.3. Surface morphology of the films {#sec3.2.3}

Scanning electron micrographs of typical agar-ZnO nanocomposite films are shown in [Fig. 4](#fig4){ref-type="fig"}. The presence of the ZnONPs on the film surface is clearly visible which are evenly distributed across the films as observed in SEM images ([Fig. 4](#fig4){ref-type="fig"}B & C). Also, the surface of the composite film is rather smooth, compact and heterogeneous compared to that of the control film. Some agglomeration of nanoparticles was observed in films with higher concentrations of ZnONPs ([Fig. 4](#fig4){ref-type="fig"}C). The size of ZnONPs agglomerates in the polymer matrix increased with increase in amount of NPs. It was also observed that the nanoparticles strongly adhered to the agar matrices, which led to the modification in the physical and chemical characteristics of the films. [Fig. 4](#fig4){ref-type="fig"}D, E & F illustrate the EDX spectrum of the control and the agar-ZnO nanocomposite films. The EDX profile was acquired on a single spot of the composite film samples. In the control film, only carbon and oxygen were detected, whereas, oxygen and zinc were present in the nanocomposite films.Fig. 4SEM micrographs of the films (A) Control (B) Agar-ZnO @ 2% (w/w) (C) Agar-ZnO @ 4% (w/w) and EDX spectra of the films (D) Control (E) Agar-ZnO @ 2% (w/w) (F) Agar-ZnO @ 4% (w/w) \[The quantitative elemental analysis of the each film is given in the inset of their respective EDX spectrum\].Fig. 4

### 3.2.4. FTIR spectra of the developed films {#sec3.2.4}

FTIR spectroscopy of the developed composite film samples was carried out to detect the potential intermolecular interaction among various components of the nanocomposites ([Fig. 5](#fig5){ref-type="fig"}). The FTIR spectrum of the only agar film shows characteristic absorption bands at 3317 cm^−1^ attributed to the stretching vibration of the combined peaks of --NH~2~ and --OH groups, bands at 2922 cm^−1^ attributed to asymmetric stretching of --CH~3~, peaks at 1637 cm^−1^ ascribed to bending vibration of --NH~2~ group and stretching vibration of --C=*O group* ([@bib34]). The 1368 cm^−1^ band was attributed to the --CH~3~ symmetrical deformation mode and the absorption bands at 1155 cm^−1^ and 1042 cm^−1^ are ascribed to the C--O stretching vibrations (C--O--C) of aliphatic ether. Comparing the IR spectra of the control film with the agar-ZnONPs composite films, it is evident that the peak intensities of the agar-ZnONPs composite films were reduced than those of the control. However, the peak positions remained unchanged. The results suggest that there are no major structural changes in the nanocomposites.Fig. 5Fourier Transform Infrared (FTIR) spectra of the nanocomposite films compared with agar film.Fig. 5

### 3.2.5. Thermal properties of the nanocomposites {#sec3.2.5}

The nanocomposites exhibit four steps of weight loss in thermogravimetry studies ([Fig. 6](#fig6){ref-type="fig"}). Between 50°--150 °C, the weight loss is due to moisture removal, while the weight loss around 150°--225 °C can be attributed to the thermal degradation of plasticizer (glycerol) in the composite films ([@bib28]). The weight losses at 225°--300 °C and 300°--500 °C can be ascribed to the removal of organic functional groups from the agar matrix. Similar thermal decomposition of agar polymer was reported by [@bib12]. In case of control (only agar) film, the maximum weight loss was observed at about 225 °C, whereas in case of the composite films, it was at approximately 245 °C indicating higher thermal stability of the ZnONPs incorporated nanocomposite films.Fig. 6TGA curve of ZnONP-agar nanocomposite films.Fig. 6

3.3. Effectiveness of the developed film in packaging of green grape {#sec3.3}
--------------------------------------------------------------------

The effectiveness of the composite films as packaging material for green grapes was studied. Visual observations are shown in [Fig. 7](#fig7){ref-type="fig"}. The green grapes wrapped in plastic film showed clear mildew appearance with several moldy spots on surface after 7-days of storage. Sticky juice also leaked from the fruit ([Fig. 7](#fig7){ref-type="fig"}A) along with a strong rotten smell. Whereas, in case of control film, the mildew appearance was shown only on upper end and a few yellowish spots on the surface of the grape were seen after 7-days storage ([Fig. 7](#fig7){ref-type="fig"}B). The fruits wrapped in agar-ZnO nanocomposite films were still visibly fresh with acceptable visual appearance ([Fig. 7](#fig7){ref-type="fig"}C & D). The appearance of the green grapes remained acceptable after being wrapped in nanocomposite film with 2 % (w/w) of ZnONPs for 14-days, whereas it lasted for 21-days when wrapped in film with 4 % (w/w) of ZnONPs. It was observed that the efficiency of preservation of grapes were directly proportional to the concentration of NPs in agar-ZnONPs matrix. The results showed that the fabricated composite film could be a promising material for packaging of green grapes, which may be evaluated further in future studies.Fig. 7Images of the green grape wrapped in: (A) Plastic (polyethylene) film, (B) Control film, (C) Film with 2 % (w/w) Agar-ZnO, and (D) Film with 4 % (w/w) agar-ZnO after 9 days storage at 37 °C.Fig. 7

4. Conclusions {#sec4}
==============

This study demonstrates the green synthesis of ZnO NPs using fruit extract of *Mimusops elengi* and its application in fabrication of nanocomposite films with desired properties. The diameter of synthesized nanoparticles were 14--48 nm of hexagonal shapes. Thermal stability, elongation at break and fruit preservation properties of the nanocomposite films were enhanced upon adding ZnONPs in the agar matrix. The green grapes wrapped in the developed films remained acceptable in appearance for extended periods in ambient storage. Thus, the fabricated nanocomposite film could be used as an effective packaging material for shelf-life extension of green grapes. Further characterization such as gas and moisture barrier properties, antimicrobial activity, etc. may be explored in future research work.
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